Le demandeur a averti tous ses co-auteurs, y compris extérieurs, de la mise en dépôt de cette publication dans HAL-IFPEN oui (par défaut) non We identify a rather universal mechanism based on water adsorption on the Al atom in antiposition to the Brønsted acid site allowing successive Al-O bond hydrolyses until dislodgement of the framework Al to a non-framework position. The determination of Brønsted-Evans-Polanyi (BEP) relationships for the entire dealumination pathway was possible, despite degradation of the correlation with increasing number of hydrolyzed Al-O bonds. Moreover, we quantify the confinement effect acting on EFAL species within the zeolites cavities and show that this effect is also a thermodynamic driving force for the Al extraction.
Introduction
Zeolites, crystalline alumino-silicate microporous materials possess interesting intrinsic and post-synthetic features, such as a strong acidity, resulting from Lewis-(LAS) and Brønsted-acid sites (BAS). [1, 2] Additionally their thermal robustness and well manageable pore sizes make them suitable candidates for industrial reactions such as fluid catalytic cracking, hydrocracking, isomerization and alkylation of various hydrocarbon molecules. [3] [4] [5] [6] [7] However, one major topic in zeolite synthesis lies within the tailoring of the shape, size and the connectivity of intra-framework channels [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] since confinement effects [18] and diffusion limitations can impose severe constraints on the reactants, intermediates and products. [19] Steam treatment of the zeolite is conducted to introduce mesopores, [20, 21] where by dint of Al-O and Si-O bond breakings a partial hydrolysis of the framework occurs. The removal of a certain number of hydroxylated Al or Si species from the framework leads to the formation of a moiety called silanol nest where four hydroxyl groups are expected to surround the tetrahedral void, [22, 23] even if the lifetime of such silanol nest is questioned. [24, 25] Such a silanol nest was also called hydrogarnet defect. [26] Recently Additionally, extra-framework aluminum (EFAL) and extra-framework silicon (EFSI), located within the cavities, are generated and studied extensively in literature. [20, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Several reports show that dealumination can be site specific. [36, 37, 39] In particular, NMR and FTIR analyses on steam treated H-Mordenite could reveal that Al is randomly distributed over 4 and 5 membered rings (MR) and that a favored dealumination of T3 and T4 sites, located in the 4MR takes place. [36, 37] At a mesoscopic scale, Weckhuysen et al. showed by focused ion beam (FIB) and scanning electron microscopy (SEM) that steaming treatment of ZSM-5 zeolite generates either surface mesoporosity (mild treatment) or uniformly distributed mesopores (severe treatment) where sinusoidal channels are more susceptible to the dealumination and hence mesopore formation compared to straight channels. [32, 40] On a steamed NH 4 -Y Agostini et al. were able to show that contrary to the general opinion the dealumination is not a high-temperature process but takes already place at moderate temperatures (450 -500 K). They also show the appearance of 30-35% of the total Al within the sodalite cage. [28] Considering the above mentioned experimental findings, one still misses in situ and operando approaches to reveal the atomic structure rearrangement occurring during the dealumination processes. [21] To gain atomistic insight into the mechanism, some early theoretical calculations have been used to describe both, the structure and catalytic properties of dealuminated zeolites in presence of EFAL species. Ruiz and co-workers for instance examined the structure and energetics of aluminum complexes serving as models for Brønsted-acid sites, without any explicit simulation of the zeolite framework. [41] Their results obtained by Hartree-Fock (HF) and Moller-Plesset second order perturbation theory (MP2) show that a transition from tetrahedral to octahedral Al occurs when the net charge of the cluster is q = +1.The latter is 7 kJ/mol lower in energy. In order to analyze the structure and coordination of some EFAL species (e.g. Al 3+ , Al(OH) 2 + , Al(OH) 3 ), Bhering et al. used density functional theory (DFT) calculations on zeolite Faujasite, [30] modeled by a T 6 cluster, and showed that monovalent cations prefer a bi-coordination whereas di-and tri-valent cations are tetrahedrally coordinated with oxygen atoms near the framework aluminum. They also quantified the effect of EFAL on the Brønsted acidity. [42] Periodic DFT calculations were performed by Benco et al. [29] By analyzing the dynamical behavior of the EFAL species (Al(OH) 3 (H 2 O) 3 and Al(OH) 3 (H 2 O) in Gmelinite, they revealed a localization depending mobility of these aluminum-hydroxide clusters. In the main channel, both, the two non-coordinated H 2 O molecules and the EFAL are mobile, whereas a network of hydrogen bonds suppresses its mobility within the cage and the EFAL occludes the pore. They also investigated the preferred location of the bare Al 3+ ion as EFAL within a periodic Mordenite framework, and observed limited relaxation of the framework around this EFAL. [43] Quantum mechanics / molecular modeling (QM/MM) calculations were performed to quantify the reaction energies for hydrolysis reactions in the surrounding of T sites substituted by various heteroatoms, [44, 45] but it is only very recently that full mechanisms were proposed from ab initio calculations to quantify both the thermodynamics and kinetics of zeolite hydrolysis reactions. The first periodic DFT calculations including thermodynamic and kinetic data and giving a first insight in the dealumination and desilication mechanism were indeed reported by Swang et al. [46, 47] Employing H-Chabazite (SSZ-13) as zeolitic model, they simulated the subsequent addition of four water molecules leading to the formation of a silanol nest and a an EFAL being Al(OH) 3 H 2 O. In the same spirit they analyzed the creation of an EFSI species Si(OH) 4 . Their first step, water adsorption on the proton of a Brønsted site, is followed by the formation of a vicinal disilanol (Si V species) with a relatively high energy barrier, E ‡ =175 kJ/mol for the desilication, and E ‡ =190 kJ/mol for the dealumination. The origin of the strong energy cost might result from the strain in the 2MR cycle of vicinal disilanols. Subsequently, and without addition of water, they suggested an inversion of the molecular environment around this penta-coordinated Si species leading to the first Al-O-Si bridge breaking. Again, this reaction exhibits an energy barrier of E ‡ =150
kJ/mol and E ‡ =175 kJ/mol for the desilication and dealumination, respectively. Subsequent hydrolysis steps by the successive addition of one water molecule at each step finally lead to the formation of an EFAL or EFSI and silanol nest.
Inspired by these pioneering DFT studies, recently we examined the reactivity of several T sites belonging to various zeolitic frameworks, i.e. MOR, FAU, MFI and CHA, by periodic calculations based on density functional theory (DFT) augmented with a dispersion term [48] (DFT+D2) which were supported by hybrid MP2:DFT+D2 calculations. [49] We found a (I0(1H 2 O)) followed by a 1,2-dissociation with axial substitution via a transition structure composed of a four membered ring (TS1(1H 2 O)) giving rise to I1(1H 2 O). Establishing a hydrogen bond between the newly created BAS and a silanol, via a proton rotation (TS2(1H 2 O)), leads to a more stable intermediate I2(1H 2 O). b) Anti attack of a water molecule (for n = 2) on an Al atom in anti position to the BAS (I0(nH 2 O)) followed by: (b1) a 1,2-dissociation with axial substitution via a transition structure composed of a four membered ring (TS1(nH 2 O)) leading to I1(2H 2 O), (b2) 1,2-dissociation with equatorial substitution via a transition structure composed of a four membered ring (TS2'(2H 2 O)) leading to I'2(2H 2 O). The difference between the (b1) and (b2) routes is the nature of the Al-O bond broken, depicted in light blue in the transition structures.
The energy barriers required are much lower than the ones reported earlier by Swang et al, [46] who recently showed that such mechanisms passing through water molecules adsorbed on Al atoms are also very relevant for the desilication of SAPO-34. [50, 51] Beyond that, we were able to generalize this initiation mechanism to the various sites of all zeolite frameworks investigated so far. We also revealed a Brønsted-Evans-Polanyi (BEP) relationship between the energy barrier relative to TS1 and the reaction energy to the first intermediate (I1 For cell optimizations on pure silica zeolites (including ionic positions and cell parameters), a 1x1x1 unit cell was used for FAU, CHA and MFI and a 1x1x2 unit cell for MOR. This latter has been done since the cell parameter c = 7.40 Å is too small to minimize the lateral between periodic images of the acid sites and the extra-framework species appearing during the demetallation. All calculations were performed at the Γ-point. The cutoff energy for the plane-wave basis is set to 800 eV for the full cell relaxation of siliceous zeolites. This setting avoids problems related to the incompleteness of the plane wave basis set with respect to volume variations (Pulay Stress) . The obtained unit cell parameters (see Supporting Information S1) for the siliceous zeolites were kept unchanged after substitution of Al for an Si. Furthermore, a proton serving as counter ion was connected to a framework oxygen atom. For all further calculations, the cut-off energy is set to 400 eV. The electronic optimizations were done up to a convergence of 1x10 -6 eV for the self-consistent loop and until all forces on atoms are lower than 0.02 eV/Å. Reaction energies ∆E are defined according to equation 1.
∆E = E zeo-n(water) -E zeo -nE water (1) with E zeo , E zeo-n(water) and E water being the energy of the zeolite, the adsorbed zeolite-n(water) system and the water molecule, respectively (n is the number of adsorbed water molecules per unit cell, thus per Al atom). Thus, the non-hydrated zeolite cell serves as reference for all calculations.
Localizing transition structures
Starting with the optimized initial and final structures, an initial reaction path comprising 8 or 16 images, depending on the complexity of the analyzed reaction, is created.
For this either a linear interpolation or, for complex reactions, an interpolation scheme involving both Cartesian and internal coordinates was used, using the string method. [61] In the latter case, the software Opt'n Path developed by Paul Fleurat-Lessard [62] was employed.
In a first attempt, a first Nudged Elastic Band (NEB) method run is carried out. [63] For this the cut-off energy is set to 400 eV and the electronic structure optimizations is conducted up to a convergence of 1x10 -6 eV for the SCF cycle and until all forces are lower than 0.02 eV/Å per atom. Since generally, even a large number of ionic steps (~500) does not result in a converged reaction path, fulfilling the above mentioned criteria, the optimization is interrupted after 200 ionic steps. For some reactions, this approach is sufficient and the highest energy image is subsequently subjected to a quasi-Newton optimization algorithm [64] having the same convergence criteria as the NEB calculation, followed by a vibrational analysis in order to check the existence of only one negative frequency along the reaction 
Mordenite
The T4O4 site was chosen for the investigation of the dealumination in Mordenite (see Figure   S1 in Supporting Information for the terminology of the sites). The aluminum atom is located in the wall of the 12MR. This T site was chosen according to experimental data of Müller et al. stating that the extent of dealumination increased with the number of Brønsted acid sites being in interaction with framework oxygen atoms [36] and of van Geem et al. showing that the T sites located in the 4MR are the first to dealuminate. [37] We firstly transposed the mechanism found for the initiation of the reaction, as reported in our previous paper [49] which is an 1,2 dissociation with axial substitution. By axial substitution, we refer to the leaving group, i.e. the silanol in anti-position to the water molecule to which the Al atom is initially connected to the framework. Then, we investigated alternative mechanisms once the reaction is initiated (n>1, with n= number of reacting water molecules). For MOR, the relevant intermediates are depicted in Figure 2 , the full energy diagram being plotted in 
Pathway where 1,2 dissociation with axial substitution occurs at each step
Since the importance of the first water attack on the aluminum atom has been described in detail in our previous paper [49] , we only recall the underlying mechanism ( 
1H 2 O
The first water molecule is adsorbed (with ∆E = -67 kJ/mol) on the Al T4 site via an Al-O(H 2 ) bond of 2.14 Å, and one short hydrogen bond (1.68 Å) with O4 atom. Water remains located in the 12MR in anti-position to the Brønsted acid site where the initial tetrahedral Al atom exhibits now pentahedral coordination. Upon adsorption, the Al-O(H) bond increases from 1.90 Å to 2.12 Å. Experimental analyses based on 27 Al MAS NMR suppose that pentacoordinated (trigonal bipyramidal) or tetra-coordinated (distorted tetrahedral) Al species are at the initiation of the aluminum dislodgement from the zeolitic framework. [28, 31] Subsequently the water molecule is split on an adjacent framework oxygen atom via a 1,2- 
4H 2 O
Although only three water molecules are needed to strongly displace the framework Al to a non-framework position a fourth molecule is adsorbed on Al in anti-position to the BAS (∆E = -76 kJ/mol) leading to a trigonal bipyramidal Al(OH) 3 the energy cost for this last step, the position of the decoordinated EFAL was constrained at the center of the 12MR channel such as interactions with the zeolitic framework are minimized. The corresponding energy cost is very modest (+8 kJ/mol) with an activation barrier of +25 kJ/mol. The EFAL stability is the subject of a more detailed study devoted to the confinement effect on EFAL species in section 3.3.
From this analysis achieved on the T4O4 site of Mordenite, it can be concluded that the transposition of the mechanism found as most favorable for the first Al-O bond breaking, (e.g. water molecule adsorption on Al in anti to the BAS, followed by 1,2 dissociation with axial substitution), leads to the formation of the EFAL species without significant change of energy barriers (100-106 kJ/mol) along the first 3 hydrolysis steps being thus equally kinetically limiting. The fourth hydrolysis step is far less energetically demanding than the others. However, in the course of our transition structure sampling, we found that an alternative pathway could be possible for n > 1, which is presented in the following paragraph.
Alternative pathway for n(H 2 O) > 1 :1,2 dissociation with equatorial substitution
For water amounts n ≥ 2 and thus once the first Al-O bond is hydrolyzed, we found that a less activated reaction path is possible. The first step for the underlying mechanism for n(H 2 O) ≥ 2 is still a water adsorption on Al in anti-position to the BAS. However, it is now followed by a 1,2 dissociation on an adjacent framework oxygen atom with equatorial substitution as shown in Figure 1 -b2 and Figure 2 . By equatorial, we refer to the bond which is broken in TS2', starting from the bipyramidal Al V in I0(nH 2 O) ( Figure 1 ). Energetics are compared with that of the previous mechanistic sequence in Figure 3 .
It has to be stressed out that this mechanism is not applicable to the initiation of the first Al-O bond breaking (this was checked) due to the rigidity of the framework around the aluminum atom. Since it is connected through four Al-O bonds to the framework an equatorial displacement of Al, inducing adjacent structural constraints, e.g. O-Si-O bond angles, this alternative mechanism is not possible and hence only an axial substitution for the first Al-O hydrolysis can be envisaged. 
4H 2 O
Due to the interaction of the EFAL species Al(OH) 3 with an oxygen atom of a silanol the adsorption of a fourth water molecule (∆E = -154 kJ/mol) leads to a penta-coordinated In the framework of this alternative pathway, barriers are lower for n ≥ 2 than in the previous one except for the very last decoordination step, and the first step becomes the rate limiting step of the overall EFAL formation. At this stage, it remains difficult to conclude which one of the two mechanisms is preferentially followed in MOR. The additional energy barrier for the decoordination step compensates the more favorable kinetic and thermodynamic parameters of the previous steps.
Because a detailed description for the 1,2 dissociation with axial or equatorial substitution was conducted in Mordenite and the underlying mechanism is transposable to the other T sites of other zeolites included in our study, we will detail in the following the most favorable pathway allowing a combination of both mechanisms in the course of dealumination.
Chabazite
The Chabazite structure contains only one inequivalent tetrahedral site, with four different oxygen positions giving four possible Brønsted acid site configurations (Supporting information S1). For our mechanistic investigation, we chose the T1O3 site, where the proton resides on an oxygen atom belonging to two four-membered and one six-membered ring.
Contrary to the other three proton positions that are all part of the 8MR window, the proton at found for all our investigated T sites. [46, 47] Despite hardly predictable local structure effects (e.g. T-O-T angles) occurring during the dealumination process and hence making structureactivity relationship difficult to anticipate, a possible explanation for this low activation barrier might be the presence of an intra-zeolite hydrogen bond, with a more polarized framework oxygen atom bond to the Al atom. While the latter is absent for the T4O4 site in H-MOR, its presence at T1O3 in H-CHA tends to stabilize TS1. In addition, this trend follows the BEP relationship between TS1(1H 2 O) and I1(1H 2 O). [49] Contrary to the second Al-O bond breaking at T4O4 in H-MOR, which takes place via a 1,2-dissociation with equatorial substitution, at T1O3 in H-CHA a 1,2-dissociation with axial substitution is still the preferred pathway. As discussed for MOR, this might result from the local structure occurring during the dealumination process and hence the resulting intrazeolite hydrogen bond network. At I2(2H 2 O) (∆E = -52 kJ/mol) three hydrogen bonds exist between a proton and an oxygen atom of (i) a silanol, (ii) a hydroxyl group of the EFAL precursor and (iii) the framework bound to the Al atom. followed by a rotational movement of the EFAL precursor along the Al-O axis leading to the intermediate described above. This is followed by a concerted proton jump adsorbed on an oxygen atom of a silanol (Al-O silanol = 1.93 Å).
4H 2 O
As for the case of Mordenite, due to the coordinated EFAL species on a silanol, a fourth water adsorption (∆E = -112 kJ/mol) results in a penta-coordinated hydroxy-aluminate with apical Al-O framework and Al-O water bond lengths of 2.11 Å and 2.12 Å, respectively.
In summary for Chabazite, an alternative route can lead to significantly lower barriers to be overcome for high hydroxyl content. However, the rate limiting step is the second Al-O dissociation (E ‡ =114 kJ/mol), with a barrier higher than in MOR, whereas the first one is moderately activated as compared to MOR (and other zeolites as described subsequently). As previously discussed in for the initial step of the first Al-O bond breaking, [49] we confirm that the overall mechanism proposed here on the basis of the water anti addition is more favorable from an energetic point view (energy barriers) than the previous one proposed in the literature. [46, 47] 
MFI
The T sites chosen for the mechanistic investigation in MFI type zeolite is based on experimental findings by Karwacki et al. showing by dint of FIB and SEM analyses on steamed ZSM-5 that sinusoidal channels are more susceptible to the dealumination than straight channels.
[32] Therefore, we envisaged the following T sites as representative examples ( Figure S1 ):
-T3O4: located in the intersection region between sinusoidal and straight channels. On this T site, the BAS proton points in a small cavity displaying intra-zeolite hydrogen bonds with one oxygen atom bound to the Al (2.18 Å) and two framework oxygen atoms (2.37 Å, 2.97 Å).
-T10O2: located in the sinusoidal channels. The proton at T10O2 displays only one intrazeolite hydrogen bond with a framework oxygen atom of length 1.70 Å.
-T11O3: located in the straight channel. The proton at this T site is in interaction via a hydrogen bond with two framework oxygen atoms of length 1.89 Å and 2.36 Å. Figure 5 summarizes the reaction paths of these three T sites, where the envisaged mechanism for the EFAL formation is a 1,2-dissociation with axial substitution for the first Al-O bond breaking and for the subsequent ones a 1,2-dissociation with equatorial substitution, which exhibit the most favorable intermediates and transition structures. In what follows, we explain the main observed differences between the three sites, occurring along the pathway, and do not give a detailed mechanistic description for each step which has already been done for Mordenite and is transferable to the MFI framework. 
2H 2 O
Despite the presence of two hydrogen bonds (1.71 Å, 2.05 Å) between the water molecule and framework oxygen atoms, water adsorption at the T10O2 site is athermic which was only observed for this particular site (∆E = 0 kJ/mol), whereas the T3O4 and T11O3 sites display 
3H 2 O
The strongest adsorption is found for T10O2 (∆E = -140 kJ/mol) in the series of these three T sites displaying hydrogen bonds with two framework oxygen atoms of length 2.54 Å and 2. 
4H 2 O
Upon the exothermic adsorption of the fourth water molecule, a penta-coordinated Al(OH) 3 H 2 O still in interaction with an oxygen atom of a silanol group is formed. In this last step, the decoordination of the EFAL species reveals either endothermic values or exothermic ones depending on the sites but they are not kinetically determining.
According to our analysis, it appears that the T3O4 site located at the intersection of straight and sinusoidal channels exhibits the smallest energy barriers (E ‡ =86 kJ/mol) whereas T10O2 located in the sinusoidal ones exhibit the highest ones (E ‡ =161 kJ/mol). T11O3 reveals an intermediate profile (E ‡ =114 kJ/mol). This result thus confirms the regioselectivity observed for the initial activation step (n = 1, see reference [49] ), so that we can expect that dealumination is sensitive to the site location.
FAU
The 
1H 2 O
As for the previous zeolites, after water adsorption on Al in anti-position to the BAS, the first Al-O bond breaking takes place via a 1,2-dissociation of the water molecule with axial substitution. The corresponding energy barriers are 83 kJ/mol and 98 kJ/mol for the T1O3 and T1O1 sites respectively, which are in the same order of magnitude as the other investigated T sites. Again, the small differences between the intermediates and transition structures result from the interplay with a different hydrogen bond network occurring during hydrolysis.
2H 2 O
The differences in the adsorption energies of T1O1 (∆E = -45 kJ/mol) and T1O3
(∆E = -79 kJ/mol) upon the second water adsorption is again due to the different local 
3H 2 O
Upon water adsorption in anti-position a pentahedral Al species is formed with ∆E = -74 kJ/mol and ∆E = -128 kJ/mol for the T1O1 and T1O3 site, respectively. In the subsequent and last Al-O hydrolysis leading to an EFAL Al(OH) 3 the reaction pathways of both T sites occurs via a 1,2-dissociation with equatorial substitution and with an activation barrier of 94 kJ/mol for the T1O1 site and 102 kJ/mol for the T1O3 site. In both cases, this leads to an EFAL Al(OH) 3 which is still linked to an oxygen atom of a silanol, and located either in the supercage for T1O3 (∆E = -72 kJ/mol) or in the sodalite cage for T1O1 (∆E = -54 kJ/mol).
4H 2 O
Adsorption of the forth water molecule on Al in anti-position leads in the case of T1O3 to a penta-coordinated EFAL species (∆E = -125 kJ/mol) which is still coordinated to one oxygen atom of a silanol group (1.91 Å). After a last bond breaking, it becomes an Al IV (OH) 3 H 2 O and resides in the supercage (∆E = -60 kJ/mol). For T1O1, the EFAL spontaneously leaves the silanol nest upon the fourth water adsorption on Al: this phenomenon is only observed for this particular T site. The EFAL resides in the center of the sodalite cage establishing a network of multiple hydrogen bonds with framework oxygen atoms (as discussed later).
Synopsis
By a systematic determination of the dealumination pathways occurring in zeolites FAU, MOR, MFI and CHA (with high Si/Al), we are now able to provide insights into the molecular scale's mechanisms. We have revealed for the first time the universal feature of the water adsorption on Al in anti-position to BAS leading to the formation of pentahedral or distorted tetrahedral aluminum species and activating the dealumination process. These species are at the initial stage before each Al-O hydrolysis and are subsequently transformed into a tetrahedral species. Whereas for the first Al-O bond breaking this hydrolysis takes place uniquely via a 1,2-dissociation with axial substitution, the mechanisms for the following steps display a heterogeneity due to local structure effects which are difficult to anticipate without DFT calculations. Once the first Al-O bond is broken the EFAL precursor becomes more flexible in the framework in terms of structural constraints leading to one main alternative dealumination pathways (Table 1 ) such as 1,2-dissociation with equatorial substitution.
Another possible path was identified in CHA where the rotation of the EFAL precursor followed by a concerted proton jump was revealed. A careful analysis of the intermediates and transition structures occurring along the dealumination pathway showed that this results from the different T site location within the zeolitic framework and from hardly predictable interactions (mostly hydrogen bonds) between the pre-EFAL and the zeolite's wall. Table 1 highlights this regioselectivity and the fact, that the first Al-O bond breaking step is not always determining for the formation of EFAL, when considering intrinsic energy barriers.
The regioselectivity is often linked to the Al-O breaking propagation mechanism. Whereas for the T4O4 site in Mordenite the rate limiting step is dictated by the first Al-O bond breaking (E ‡ = 100 kJ/mol) via 1,2-dissociation with axial substitution, the rate limiting step for the T11O3 site in MFI (E ‡ = 100 kJ/mol) is observed for the third Al-O hydrolysis and via an equatorial substitution. Moreover, one can observe (table 1) that for a given step, over all frameworks and sites considered, the barrier spread (last row, table 1) show that the first step exhibits the lower variation across different frameworks and crystallographic position. Table 1 . Energy barriers E ‡ (kJ/mol) and apparent barriers E app (kJ/mol) for different numbers of water molecules and most probable mechanism a for each zeolite and T site studied. EFAL location and stabilities (kJ/mol) are also given. Assuming kinetic order 1 with respect to gaseous water, one may also consider apparent barriers, defined, for each step, according to equation (2) .
Zeolite (T site) T site configuration
The values are reported in table 1, for each step of the reaction. For a given site, the highest apparent barrier is found for the first step (n=1) only for mordenite. The second (FAU, CHA) or third (MFI) steps are generally the most demanding from an apparent barriers point of view. The scattering of the highest apparent energy barriers is wider within a framework (26 to 78 kJ.mol -1 for MFI) than from a framework to the other (26 to 49 kJ.mol -1 , considering the most reactive site of each zeolite).
Whether one should consider or not consider apparent barriers will however depend on reactions orders, which cannot be easily solved by DFT calculations only. As a perspective of this work, one can suggest to undertake a full kinetic simulation of the process, based on calculated activation enthalpies and entropies for individual steps followed by a microkinetic model, in order to conclude, such as the one undertaken in ref. [51, 67] .
Brønsted-Evans-Polanyi relationships for the hydrolysis of Al-O bonds
One key factor for controlling the rate of an elementary chemical reaction is its (free) energy barrier. While the evaluation of reaction energies provides insights about the stability of occurring products and intermediates along the reaction path, only the explicit determination of transition structures, allow us to determine the preferred pathway. However, the determination of transition structures is a demanding task and requires substantial amounts of computer time. If for a set of given reactions, a linear relationship between the energy barrier E ‡ and the corresponding reaction energy ∆E react exists, as postulated by the Brønsted-Evans-Polanyi principle, [68, 69] once knowing the reaction energy, the corresponding reaction barrier can be determined without its explicit calculation. 38 kJ/mol), for which the correlation cannot be considered as reliable anymore. Comparison of the three slopes shows that the first (slope = 0.7) and third (slope = 0.6) Al-O hydrolysis transition structures exhibit the same sensitivity with regards to the stability of the intermediates, whereas the second Al-O bond hydrolysis (slope = 0.4) exhibits lower variations. However, there is no general trend regarding the rate determining step, as previously discussed (Table 1) .
Thermodynamic considerations on the confinement effect on EFAL species
Additionally to their strong Brønsted acidity, zeolites are well known to possess properties such as shape selectivity, selective adsorption and diffusion, resulting from their microporous networks and curvature of their internal surfaces. The interactions between the zeolite framework and guest molecules (reactant, product, intermediates and TS) located within the cavities and channels are often of non-covalent nature. This confinement effect is an ubiquitous characteristic of zeolites. [18, [70] [71] [72] As indicated in the Methods part, we have taken into consideration the dispersion contribution for the whole dealumination mechanisms.
In what follows, we would like to give a more detailed analysis of the confinement effects resulting from van der Waals interactions and acting on the EFAL product. After the extraction of aluminum from a framework to a non-framework position as an EFAL species Al(OH) 3 H 2 O, and depending of its previous T site location, it can reside in different cavities present in the zeolitic framework ( figure 9 ). Since each cavity has its own topology and curvature (e.g. the sodalite cage of FAU is spherically closed whereas the 12MR channel of MOR is opened along the c axis) exerting specific confinement effect on the residing EFAL species, this will affect its stability. The confinement effect can in turn be seen as a thermodynamic driving force for aluminum displacement from a framework to a nonframework position. Figure 10 reports the interaction energy of the EFAL species Al(OH) 3 H 2 O with the zeolite cavity (using the zeolite and 4 water molecules as reference) as a function of the cavity diameter d according to ref. [73] . Numerical values are also reported in and T1O3 sites exhibit very similar energy barriers for the limiting step (~100 kJ/mol), the driving force may be the higher thermodynamic stability of EFAL formed in the sodalite cage from T1O1. In MFI, kinetic and thermodynamic data are converging and the most favored site for the first EFAL formation is T3O4 at the intersection of sinusoidal and straight channels. 
Discussion
From the very first stage of the reaction, we propose pentahedral or distorted tetrahedral Al atom as relevant intermediates for the formation of EFAL. Such Al species
were identified experimentally and are supposed to be at the initiation of aluminum dislodgement to extra-framework positions. [28, 31] repopulate the pores. [28] This result seems to be consistent with the moderate energy barriers (~100 kJ/mol) found for our investigated T sites in FAU. In contrast, energy barriers as provided by Swang et al. [46, 47] (in the case of CHA, however) seem to be too high to be compatible with such studies which raises questions about their proposed mechanism.
Considering apparent barriers, they obtain for n=1 ~125 kJ.mol -1 , much higher than all values reported in the present paper. Note the same authors agree with our proposal, by considering mechanisms similar to ours for SAPO-34 desilication. [50, 51] By combination of our mechanistic investigation of the dealumination with the confinement effect found for the residence of EFAL species inside the cavities we are able to explaining that this site is more stable when extracted from the framework. This assumption holds not true for T1O3 (giving rise to EFAL in the supercage) since the most stable structure along the reaction path was identified for I0(3H 2 O) (∆E = -128 kJ/mol) showing that only partial dealumination has occurred with formation of a stable penta-coordinated Al species not being an extra-framework species. So both the relative stability of intermediates and final products are driving forces for the regioselectivity of EFAL formation in FAU, rather than barriers.
At the mesoscale, employing FIB and SEM analyzes Karwacki et al. revealed an architecture-dependent mesopore formation upon steaming of ZSM-5 zeolite: sinusoidal channels were more affected by the dealumination than straight channels. [32] Upon analysis of the reaction path of T sites located in the sinusoidal channels (T10O2), straight channels (T11O3) and the intersection regions (T3O4) (Figure 5 ), we confirm this regioselectivity and we determine that the intersection region of sinusoidal and straight channels is the place where the dealumination of T3O4 is the most favored in terms of both kinetics and thermodynamics. At this site, the tetrahedral Al atom is more stable in a non-framework position dictated by the stability of all intermediates (but one) and driven by the confinement effect of the intersection region. The T site in the sinusoidal channel shows the highest energy barriers in the series of these three T sites and moreover the most stable structure along the reaction path was found for I0(3H 2 O) (∆E = -140 kJ/mol) meaning that at T10O2 Al is more stable as a framework species. The same observation holds also true for the T11O3 site where the most stable structure was I0(3H 2 O) (∆E = -106 kJ/mol). However experimentally, no information is available for the initiation site for dealumination provided in the present study.
So our result combined with experimental would indicate that once the dealumination has been initiated at the intersection, the propagation of mesopores occurs along sinusoidal channels. Understanding more precisely the origins of this behavior would require additional investigations, such as the simulation of the propagation of extra-framework formation, up to the mesopore. A first tentative explanation can be provided looking at the results reported in Figure 8 . Indeed, EFAL is the less stabilized in the sinusoidal channel, whereas it is preferentially located at the intersection, and in the straight channel. We can also suggest that pore blocking inside the straight channels occurs. After most intersection sites have been dealuminated, the corresponding EFAL diffuses preferentially in the straight channels, where they are also stabilized, preventing their further dealumination and promoting the formation of mesopores along sinusoidal channels.
Conclusions
The present study reports a mechanistic investigation of dealumination reactions on 8 BAS belonging to four zeolitic frameworks: MOR, MFI, FAU and CHA. We demonstrated that the very first step in the initiation of the dealumination of a given T site, is a water adsorption on Al in anti-position to the Brønsted acid site, leading to the formation of a pentahedral or distorted tetrahedral Al atom. In a subsequent step, the first Al-O hydrolysis takes place via a 1,2-dissociation of a water molecule with axial substitution of the silanol.
This mechanism is the same for each T site, regarding the reaction of the first water molecule.
We show that once the first Al-O bond is broken and the Al atom becomes more flexible in terms of structural changes, alternative pathways are possible, due to a set of effects (i.e.
hydrogen bond network between the EFAL precursor and the zeolitic walls as well as the resulting silanol nest, and van der Waals contributions also linked with confinement effects) affecting the stability of TS and intermediates along the path. In particular, the occurrence of 
